The spectral and orientational properties of some dichroic fluorescent dyes (naphthalene derivatives of bicarboxylic acid) in some isotropic solvents and in an anisotropic matrix have been studied. The order parameter of the dyes in the nematogenic liquid crystal 7CB has been determined from measurements of polarized electronic absorption and fluorescence. The influence of the dye addition on the nematic-isotropic phase transition temperature of 7CB has been investigated. It was found that some of the dyes studied could be successfully utilized in guest-host liquid crystal display devices.
Introduction
It is known from previous study of spectral and orientational properties of naphthalene derivatives of bicarboxylic acid that they are characterized by brilliant yellow colour and that they emit light with high quantum yield in the spectral region advantageous for human eye. Moreover, most of them orient themselves well in liquid crystal matrices, are stable for sun light, and do not destabilize the mesophase region of the liquid crystalline host [1] [2] [3] . These features cause that these dyes are very attractive for their potential application in passive and active guest-host liquid crystal displays [4] . Recently, it was found that some of naphthalene derivatives of bicarboxylic acid are able to form stable and compressible Langmuir films, which can be easy transferred onto solid substrates making LangmuirBlodgett films [5] [6] [7] [8] . This gives the possibility to use these dyes as active layers in organic light emitting diodes [9] .
We present here the results of the study of spectral and orientational properties of the novel synthesized group of naphthalene bicarboxylic acid derivatives (derivatives of 4-aminonaphthalimide), designed for colouration of the polyester fabrics [10] . The aim of the investigation is to determine the possibility of application of the dyes in coloured guest-host liquid crystal displays, working both in absorption (passive) and fluorescence (active) modes.
Experimental
The set of the dyes investigated consists of twelve naphthalene derivatives of bicarboxylic acid, which are derivatives of 4-aminonaphthalimide. Their synthesis is described in Ref. 10 . The chemical structures of the dyes, confirmed by 1 H NMR analysis, are given in Table 1 . Chloroform and acetone (POCH, 99.8%) were used for preparation of isotropic solutions. The dyes were dissolved in these solvents at a concentration of 10 -6 mol/dm 3 .
As the anisotropic matrix, the liquid crystal 4-n-heptyl-4'-cyanobiphenyl (7CB) was used. This liquid crystal was purchased from the D¹browski Laboratory at the Military University of Technology and was used without further purification. It exhibits a stable nematic phase, good chemical stability, and a high positive dielectric anisotropy. The dyes were initially screened for their solubility in the liquid crystal. They were dissolved in 7CB at a concentration of 5×10 -3 mol/dm 3 .
The temperature of the nematic-isotropic phase transition for 7CB and the dye/7CB mixtures was estimated, with an accuracy of ±0.1 K, on the basis of textures observed under a polarizing microscope (PZO, Warsaw, Poland) equipped with a heating stage. The results are given in Table 2 . DT NI means here the difference between T NI of the mixture and T NI of pure 7CB. The absorption spectra of the dyes dissolved in isotropic solvents and in 7CB were recorded in the visible spectral region by means of a spectrophotometer CARY 400. The fluorescence measurements were carried out by using a photon-counting spectrofluorimeter built in our laboratory and described in detail in Ref. 11 . The exciting light was the 436 nm line from a high-pressure mercury lamp. The measurements of the isotropic solutions were made in standard quartz cuvettes of 1 cm in thickness.
The quantum fluorescence yield of the dyes in isotropic solvents was calculated using the following equation [12] Q Q 
where Q r is the quantum fluorescence yield of a standard, A(l) is the absorbance of the solution at the exciting wavelength l, and Fdl 0 ¥ ò is the integrated area under the fluorescence spectrum. The subscripts x and r refer to the unknown and reference solutions, respectively. As a standard, fluorescein at a concentration of 10 -6 M NaOH was used. The quantum yield of the standard at room temperature is 0.92 [12] . For the investigations of the dye/7CB mixtures, the "sandwich" cells of 20 µm in thickness were constructed. A homogeneous planar orientation of the dye and liquid crystal molecules was obtained by coating the glass surfaces of the cells with polyimide and by using the rubbing procedure. In order to record the polarized spectra of the dye/ 7CB mixtures, both the spectrophotometer and fluorimeter were equipped with neutral UV polarizers. The fluorescence spectra were recorded in p geometry, i.e., the exciting light beam was perpendicular to the cell surface and the fluorescence light was monitored perpendicularly from the same side of the cell [13] .
The orientational properties of the dyes in liquid crystal 7CB were determined on the basis of the electronic absorption and fluorescence measurements. From the polarized absorption and fluorescence spectra, the order parameters were calculated. For cylindrical molecules in a uniaxial phase, the order parameters are the average values of even Legendre polynomials. Thus, they are defined as follows [14] 
b denotes here the deviation of the molecular axis about the rotational symmetry axis of the phase which is often named. The second-rank order parameter <P 2 > can be evaluated from the polarized absorption spectra of a dye dissolved in an anisotropic matrix using the formula [15] 
where A || and A^denote the absorbances of the light polarized in parallel and perpendicularly to the director, and j is the angle between the vector of the absorption transition moment and the long molecular axis of the dye. Not only the <P 2 > parameter can be obtained from the fluorescence measurements, but also the fourth-rank order parameter <P 4 > is possible to be determined. The <P 4 > parameter provides further information about the orientation as it is more sensitive for the molecular fluctuations. For excitation with the light polarized in parallel and perpendicularly to the director, the emission anisotropies R 1 and R 2 can be calculated from the formula If the experiment is realized in such conditions that the rotational relaxation time t R is much longer than the lifetime of the excited state of the fluorescent molecule t F and if the effect of the thermal motion on the fluorescence depolarization can be neglected then R 1 and R 2 are related with the order parameters <P 2 > and <P 4 > in the following way [16, 17] R P P A B P C P P P 
where d is the intramolecular angle between the absorption and emission dipole transition moments. A, B, and C are the functions depending only on the angles d and j. Their mathematical forms are given in Ref. 17 . Knowing d from the independent experiment, the three unknown values b, <P 2 >, and <P 4 > can be obtained solving Eqs. (3), (5), and (6).
For randomly oriented collection of immobile dye molecules, the emission anisotropy R iso , describing the photoselection process, depends on the intramolecular angle
According to Eq. (7), the angle d can be determined from the experimental value of R iso for the dye introduced into a solid isotropic medium. To satisfy this condition for a solvent, the commercially available epoxy resin Epidian 51 (Chemical Plant "Organika-Sarzyna", Poland) was chosen for experiments. It was found that the investigated dyes were well soluble in the fluent epoxy resin at a concentration of 10 -5 mol/dm 3 . The transparent mixtures were put into standard glass cuvettes of 10 mm in thickness. After addition of a hardener, they were first stirred intensively and then left for 48 hours at a room temperature. As a result of polymerization process, solid and transparent samples were obtained. They were tested for the absorption and fluorescence properties. It was found that the shapes and the maxima positions of the dyes electronic spectra were very similar to those observed in chloroform and acetone solutions. This observation indicated that the dyes remained chemically stable during the hardening process. Tables 3, 4 , and 5 present the basic parameters of the absorption and fluorescence spectra for the dyes dissolved in chloroform, acetone, and liquid crystal 7CB. It can be seen that the molecular structure of both substituents in the naphthalene skeleton of the dyes molecules affect the position of maxima (l A and l F ) as well as the halfbandwidths (D A and D F ) of the visible absorption and the fluorescence bands. However, the influence of R (Table  1) is significantly stronger. The position of the maxima and noticeable narrow half-bandwidths of the band (the values of D A are between 3300 and 5000 cm -1 and those of D F between 2000 and 2500 cm -1 ) indicate that all the dyes investigated are characterized by brilliant yellow colour and emit the excellent green light which is very pleasing to the human eye. The exception are only dyes 5 and 11 (derivatives of morpholine) which have the absorption peak with the maximum below 400 nm, giving weak colour hue. The spectral parameters of the given dyes are dependent in some extent on the solvent used. It is understandable because the intramolecular electronic transitions of naphthalene derivatives of bicarboxylic acid under investigation are of charge transfer type and thus they are influenced by the polarity of the solvent, as well as by possible hydrogen bonds formation. The influence of the polarity on l A , D A , and D F is not very strong, but the shift of l F towards longer wavelengths with the rise of the solvent polarity (the dielectric constant is equal to 4.89 for chloroform, 10.8 for 7CB, and 20.59 for acetone at a room temperature) is seen very distinctly. As a result, an increase in the Stokes shift n A -n F is observed too.
Results and discussion

Spectral properties
Both the molecular structure of the dyes as well as the polarity of the isotropic solvent used exert influence on the values of the extinction coefficient e as well as the fluorescence quantum yield Q x . The values of e are very high for all the dyes and in both solvents, what gives the possibility of high colour saturation. There is no relationship between the solvent polarity and the values of Q x , although for most dyes the values of quantum yield are distinctly higher in chloroform than in acetone. Determination of the fluorescence quantum yield for the dyes dissolved in an oriented liquid crystal is very difficult because many factors (including anisotropic ones) should be taken into account. We tried to estimate these yields but the estimation should be regarded as more qualitative than quantitative one. The results obtained here indicated that the fluorescence efficiencies for the dye/7CB mixtures were similar to those found for the dyes dissolved in chloroform. Figure 1 presents the polarized components of absorption and fluorescence spectra of dye 6 oriented in 7CB at T = 34°C (nematic phase), as an example. On the basis of such spectra, the order parameters <P 2 > and <P 4 > at various temperatures in the mesophase were calculated by using Eqs. Table 5 . Spectral properties of dyes in 7CB. For the aromatic skeleton of the naphthalene derivatives of bicarboxylic acid, which is the basic part of the molecular structure of the dyes investigated, the point symmetry group C 2V is assumed. In such a case of molecular symmetry, in the absence of perturbations, the observed electronic transitions can be polarized along either C 2 axis or the in-plane axis perpendicular to C 2 . The presence of the terminal groups causes "the breaking" of the molecular symmetry. In the first approximation, the structure of the substituents attached to the planar p system for dyes 1-12 would suggest C S symmetry. Then, the electronic transition moments can lie in any direction in the plane of the aromatic skeleton. The transition moment, which is responsible for the absorption in the visible spectral region, results from the charge transfer between the nitrogen atom in the substituent R (donor) and that at the second substituent (acceptor). Thus, it is highly probable that the direction of this transition must be deviated from the long axis of the dye molecule (the long axis is defined as the straight line between the atoms along x-axis direction, Fig. 2 ). The angle j between the absorption transition moment and the long molecular axis for dyes 1-12 was calculated on the basis of the experimentally obtained absorbance and fluorescence intensity values of the appropriate polarized components for the dye/7CB mixtures measured at a room temperature. We supposed that the thermal molecular motions at this temperature are strongly hindered and the rotational relaxation time t R is much greater than the lifetime of the excited state of the fluorescent dye molecule t F . Therefore, the order parameter <P 2 > obtained from the fluorescence measurements and calculated from Eqs. (5) and (6) is equal to that determined on the basis of the polarized absorption spectra and calculated from Eq. (3). The angle d, between the absorption and the emission oscillators, which is needed in order to resolve Eqs. (5) and (6), was calculated from Eq. (7) on the basis of the emission anisotropy of the dyes dissolved in solid epoxy resin. The results obtained are gathered in Table 6 . However, 7CB is in the nematic phase at a room temperature and our experience [13, [17] [18] [19] [20] indicates that in this phase the condition t R >> t F is only approximately valid, thus enabling only a rough estimation of the transition moments directions. We compared additionally the values of <P 2 > obtained from the polarized absorption measurements at a room temperature for 7CB doped with dyes 1-12 to the ones for 7CB doped with dimethylamino-nitrostilben (DANS) [21] . The electronic transition moment, related to the absorption of DANS in the visible spectral region is parallel to the long axis of this dye molecule [21] , thus <P 2 > can be determined directly from the experiment and Eq. values of the angle j in Eq. (3) for naphthalene derivatives of bicarboxylic acid. Results obtained by using both the above described methods are comparable within the experimental uncertainty.
Order parameter
Dye code
In Table 6 , values of the angles j, d, and q d j = -are listed, where q is the angle between the long molecular axis and the emission oscillators. The long molecular axis and the transition moment directions are marked in Fig. 2 , which presents the molecular structure of dye 12, as an example. The angles d for dyes 1-12 are similar to each other and they are about 50°, whereas j and q differ significantly for various dyes, indicating that the molecular structure of both substituents influences strongly the transition moments directions. It is worth to notice that the angle j is lower and thus the angle q is greater for dyes 1-6 than for dyes 7-12, if one compares the dyes with the same substituent R.
In the following, it was assumed the angles j and d to be constant in our experimental temperature range, and the order parameters as a function of temperature were determined independently from the absorption (<P 2 > A ) and fluorescence (<P 2 > F and <P 4 > F ) measurements. Table 6 it is seen that the order parameter <P 2 > obtained from the absorption measurements for a given dye/7CB mixture and at a given temperature is very similar to that determined from fluorescence measurements. Moreover, <P 4 > F parameter is always positive, in contrary to the previously obtained negative values of it for some dye/liquid crystal mixtures in the nematic phase [13, [17] [18] [19] [20] 22, 23] . This means that, when introducing in calculations the appropriate values of the angles between the long molecular axis and the absorption and the emission oscillators, it is possible to obtain the results which are consistent to each other and which are in agreement with the theories of the nematic phase [24, 25] . It should be reminded here that these theories do not predict the negative value of <P 4 > parameter. The strong influence of the angle j value on the results of calculations of <P 2 > A , <P 2 > F and <P 4 > F was postulated previously on the basis of the computer simulations [20, 23] . Here, it was confirmed experimentally at the first time for naphthalene derivatives of bicarboxylic acid in the low-molecular-mass liquid crystal. Further, the results obtained in our study suggest that the condition t R >> t F is fulfilled in the whole temperature region of the nematic phase of 7CB. Table 7 presents the values of <P 2 > A for all the dye/7CB mixtures at three reduced temperatures. From these data and the results of <P 2 > given in Table 6 and in Figs. 3 and 4 , it follows that the molecular structure of the substituents in the naphthalene skeleton does not affect significantly the orientation of dye molecules at low temperatures. The values of <P 2 > for dyes 1-12 are very similar and equal to »0.5. However, with the rise of temperature, <P 2 > varies very differently, which means different resistance of molecular orientation of various mixtures to the thermal fluctuations, depending on the substituents structures. The knowledge of the order parameters <P 2 > F and <P 4 > F allows one to obtain the truncated distribution function f 4 (b), where [14] f P P P P 
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Examples of f 4 (b) function for dye 7/7CB mixture at three reduced temperatures are shown in Fig. 5 . The broadening of the distribution function with the rise of temperature increase on the greater tendency of molecules to tip away from the director.
Conclusions
Absorption and fluorescence studies for some novel synthesized naphthalene derivatives of bicarboxylic acid in isotropic solvents and in liquid crystal 7CB were carried out. From the results obtained the following conclusions can be drawn: l most of the dyes investigated has an excellent yellow colour, which is important not only as one of the three primary colours but also as a component for preparing practical black or green colours, l dyes 1-12 are characterized by high fluorescence efficiency in the spectral region advantageous for the human eye, l orientation of dyes 1-12 in liquid crystal 7CB is satisfactory. Taking into account these characteristics and additionally the fact that the dyes under investigation do not destabilize the nematic phase of the liquid crystal (except of dye 2), we can conclude that dyes 1-12 can be used as dichroic guests in guest-host liquid crystal displays working both in passive and active modes.
